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6 intermittent shaking to fully re-suspend the starch. After the treatment, the starch was washed 114 with deionized water, followed by 95% ethanol (Jiang, et al., 2014; Wang, et al., 2012) , and 115 centrifuged for 3-5 times until the slurry became neutral. The starch sediment was dried in an 116 oven at 35 °C for 48 h. In the following, codes typical as "S-0.5-12" was used, where "S"
117
indicates the starch, "0.5" denotes the concentration (%) of sodium hydroxide, and "12" 118 means the days of treatment. Also, "S" represents the native (i.e., untreated) starch.
119

Scanning electron microscopy (SEM)
The granule morphology of the starch was observed using a Zeiss Merlin Ultra where q = 4πsinθ/λ, in which 2θ is the scattering angle and λ the X-ray wavelength.
Laser diffraction analysis
138
For the SAXS patterns, the data in the range of 0.0020 < q < 0.04 Å −1 were fitted using a 139 unified model Eq.
(1) (Zhang, et al., 2015b) .
Here, G is the pre-factor of the Guinier function corresponding to a radius R g ; and C and δ are 143 the pre-factor and the exponent of the power-law function, respectively.
144
SAXS data in the lamellar peak range (0.04 < q < 0.20 Å−1) were fitted using a power-
145
law plus Gaussian function (Zhang, et al., 2015b) , as shown in Eq. (2) below.
Where the first term B is the background; the second term is the power-law function where P is the 149 power-law pre-factor and α is the power-law exponent; the third term is a Gaussian function where A 150 is the peak area, W (Å −1 ) the full width at half maximum (FWHM) of peak in reciprocal space, and q 0
151
(Å −1 ) the peak center position (Blazek, et used to study the parameters of the starch lamellar structure.
In which, r (nm) is the distance in real space. d is the second maximum of L(r) (i.e., the thickness of 
Polarized light microscopy
164
A polarization microscope equipped with a CMOS camera was used, and the magnification was
165
× 400 (40 × 10). For the observation, suspensions with 0.5% starch were prepared in glass vials. 
X-ray diffraction (XRD)
167
The crystalline structure of the starch was evaluated using an X-ray powder diffractometer (D8
168
Advance, Bruker AXS Inc., Madison, WI, USA), operated at 40 kV and 30 mA. XRD patterns were 169 acquired for a 2θ range of 4-40°, with a step size of 0.02° and a step rate of 0.5 s per step. The 170 relative crystallinity (X c , %) was calculated using PeakFit software (Ver. 4.12), according to Eq. (4).
The thermal behaviors of the starch were measured using a PerkinElmer DSC 8500. fit the digestion data for describing the sequential first-order kinetics of the starch digestion.
Where C t (%) is the proportion of the starch digested at a given time (t (min)), 
217
The LOS plot visibly reveals the number of starch digestion phases throughout the whole reaction 
Results and Discussion
229
Granule morphology and size
230
The SEM micrographs of the starch granules before and after alkali treatment are presented in 236 Table 1 shows the granule size distribution of the starch and its alkali-treated samples. After the 237 0.1% alkali treatment, a decrease was seen in the granule fraction in the size (diameter) range of > 28 238 µm (P D3 ), accompanied by increases in the granule fractions in the size ranges of < 7 µm (P D1 ) and 
260
By fitting the SAXS data in second-level q-range ( Fig. 2A-E granule size evolution, the increase in treatment time with 0.5% alkali slightly weakened the degree 267 of increase in R g2 , due to the alkali-induced molecule leaching from the blocklets and mass fractals. the peak area A peak and the peak intensity I peak showed a moderate increase after the 0.1% 272 alkali treatment but an evident reduction with the 0.5% alkali treatment. This evolution in
273
I peak was also confirmed by the brightness changes in the 2D scattering circle of the 274 semicrystalline lamellae in the inserted graphs in Fig. 2A -E.
275
While the peak area indicates the degree of lamellae ordering (Zhang, et al., 2014d) , the peak 276 intensity positively correlated to the electron density difference ∆ρ (=ρ c -ρ a ) between the crystalline 277 lamellae (ρ c ) and the amorphous lamellae (ρ a ). Hence, it is concluded that although the 0.1% alkali 278 mildly affected the whole semicrystalline lamellae, it preferably altered the amorphous lamellae 279 rather than the crystalline lamellae, leading to increases in the lamellae ordering and ∆ρ; the 0.5% 280 alkali effectively disrupted especially the crystalline lamellae to reduce the lamellae ordering and ∆ρ.
281
With the increased treatment time, although the 0.1% alkali further increased A peak and I peak , the 0.5% 282 alkali less effectively reduced these two parameters. This indicates that the 0.5% alkali induced 283 molecular out-phasing and/or swelling in particular for the amorphous lamellae, and/or the 284 realignment of starch molecular chains into the crystalline lamellae. Either scenario could offset part 285 of decreases in lamellae ordering and ∆ρ with the 0.5% alkali treatment for a longer time (12 days).
286
According to the paracrystalline model (Cameron & Donald, 1993) , while the major effect of 287 increasing ∆ρ is to increase the overall scattering intensity, the increase in ∆ρ u (= ρ u -ρ a ), the electron 288 density difference between the amorphous background (ρ u ) and the amorphous lamellae, has the 289 concurrent effects of raising the low-angle intensity (at q values lower than the peak center) and 290 lowering the peak definition. to the amorphous lamellae. In other words, both lamellar and non-lamellar amorphous starch could 295 be affected by alkali.
296
Also, the scattering at q values lower than the peak position (ca. 0.01-0.04 Å −1 ) showed an 297 increase after alkali treatment especially at 0.5% concentration (Fig. 2F) . This was related to the 298 evolution of a structure with a size of R g2 . Here, the alkali certainly disrupted the semicrystalline 299 lamellae, phasing out starch molecules from the lamellae (Zhang, et al., 2015b) to form mass fractals 300 with R g2 . This was another reason for the R g2 increase after the 0.5% alkali treatment (see Table 1 ).
301 Table 2 shows the average thicknesses of the semi-crystalline ( 
Crystalline structure
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15
The polarized light micrographs of untreated and alkali-treated starch granules are shown in Fig.   319 3A. Untreated starch granules showed typical polarization crosses, the intensity of which is related to 320 the crystallinity and the microcrystalline orientation of starch (Zhang, et al., 2014c accompany by the formation of starch orders with an increased stability (DSC analysis). 
Thermal behaviors
337
The DSC thermograms for the starch subjected to the alkali treatment are shown in Fig. 3C . An 
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After the 0.1% alkali treatment, the starch showed decreases in the onset (T o ) and peak ( proportion of starch orders with a higher thermal stability. Then, the transition temperature range ∆T
348
(=T c -T o ) was widened by mild (0.1%) alkali.
349
With stronger (0.5%) alkali treatment, the starch displayed evident increases in T o and T p . This 
Conclusions
455
The link between the multi-scale supramolecular structure of starch and its multi-phase digestion Table 3 Crystalline and thermal parameters of native and alkali-treated starch (S) samples 
